Low-temperature plastic flow in TRIP steels has been found to be controlled by stress-assisted isothermal martensitic transformation. For these conditions, the thermodynamics and kinetic theory of martensitic transformations leads directly to constitutive relations predicting the dependence of flow stress on temperature, strain, strain-rate, and stress-state, consistent with the observed behavior of TRIP steels. Guidelines are obtained for the control of temperature sensitivity, tr-e curve shape, and stress-state effects to achieve novel mechanical properties.
I. INTRODUCTION
THE unusual combinations of strength, ductility, and toughness exhibited by the metastable austenitic steels, termed TRIP steels, ~ have called attention to the potential benefits of deformation-induced martensitic transformations. These effects have been exploited in lower-strength austenitic steels for some time, 2-5 and dispersions of metastable austenite now show promise for the improvement of ductility in low-alloy steels 6'7 and for the toughening of some ceramic materials) However, some undesirable consequences, most notably inhomogeneous yielding and extreme temperature sensitivity, 9 have hampered the practical development of the high-strength TRIP steels. In an effort to elucidate the interrelation of the transformation kinetics and the plastic flow behavior of these steels, Olson and Azrin ~~ measured the true-stress, true-strain, and martensite content during both uniform and localized (Ltiders-band) deformation; the observations extended from low temperatures, where the transformation kinetics are dominated by stress-assisted nucleation on the same sites responsible for the spontaneous cooling transformation, to a higher temperature regime dominated by strain-induced nucleation on new sites produced by plastic deformation, u In addition to the well-known "static" hardening contribution of the transformation product, comparison of the transformation and flow behaviors revealed a "dynamic" softening associated with the operation of the transformation itself as a deformation mechanism. The latter effect was most pronounced at low temperatures where stress-assisted isothermal transformation was found to control the plastic flow. For these conditions, it is now of interest to compare the observed transformation and flow characteristics with those predicted from knowledge of the kinetics of isothermal martensitic transformations.
II. KINETICS OF ISOTHERMAL
MARTENSITIC NUCLEATION Due to the rapid growth of a martensitic particle, the kinetics of isothermal martensitic transformations in steels are nucleation-controlled. Kinetic experiments ~2-~5 demon- 
wheref is the volume fraction of martensite, n, the density of nucleation sites, V the instantaneous mean martensitic plate volume, and u is the nucleat!on-attempt frequency. The critical AG to achieve a givenf is then given by: The "nose" temperature (T~) at which f is maximum can be obtained by the tangent construction in Figure l(a) , fitting a straight line from the -A/B point at T = 0 to the point of tangency on the AGch curve. The AGcn, line for)'2 represents such a construction. Approximating AGch(T) locally as a simple power law of the form:
the nose temperature can be expressed as:
Suppressible C-curve kinetic behavior, consistent with these concepts, has been observed in Fe-Ni-Mn alloys.12,13,14 It is important to note that, whereas other phase transformations, such as diffusion-controlled precipitation, can exhibit C-curve kinetic behavior when AGch(T) is linear, the existence of C-curve behavior in isothermal martensitic transformations, where Q(AG) is linear, is entirely dependent on the curvature of AGch(T). It will be shown later that this same curvature has an important influence on the plastic flow characteristics when stress-assisted martensitic transformation controls the plastic flow.
III. STRESS-ASSISTED TRANSFORMATION
The thermodynamics of martensitic transformation under applied stress were treated by Patel and Cohen. 19 If the net transformation shape strain is an invariant-plane strain, with shear and normal strain components 3'o and e0, the work per unit volume done by an applied stress assisting the transformation can be expressed by:
[8]
where r and ~, are the resolved shear and normal stresses on the planes and in the directions of 70 and e0. shown that the macroscopic transformation strain is a reasonable approximation to the expected nucleus strain. 24 In addition to the numerous studies of the stress dependence of the Ms temperature, the stimulating influence of applied stress on the rate of isothermal martensitic transformation was demonstrated by Machlin and Cohen. 25 When a martensitic transformation occurs under applied stress, a macroscopic strain, termed transformation plasticity, accompanies the transformation. This strain can arise in part from a biasing of the martensitic-plate variants which form under stress, but in ferrous alloys (particularly when strong autocatalytic effects operate) much of the transformation plasticity is attributable to stress biasing of the extensive accommodation plastic flow which occurs around the plates as they grow. When this deformation takes place at stresses below that for general (slip) yielding of the parent phase (i.e., the temperature regime where stress-assisted transformation is dominant), the kinetics of deformation will be governed by the kinetics of the transformation which triggers the deformation. The simultaneous measurement of plastic flow and transformation in TRIP steels 1~ verifies the existence of a temperature regime in which plastic flow is controlled by stress-assisted martensitic transformation. Under these conditions, the volume fraction of martensite (3') and the plastic strain (e) are found to be linearly related: 1~ f = ke [9] This, in turn, defines a linear relation between transformation rate and plastic strain rate. Here plastic flow will occur 1908--VOLUME 13A, NOVEMBER 1982 METALLURGICAL TRANSACTIONS A
